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Abstract
This report presents results from tests to detect boundary layer transition on a 572 mm long, 5◦ semi-angle
cone at Mach numbers of 6.0, 6.6 and 8.8 in the T4 Shock tunnel at The University of Queensland. Results
are presented for the cone with both a sharp tip and a blunted tip (nose tip radius of 5.4 mm). Results show
that transition Reynolds number increases with the unit Reynolds number of the flow and that bluntness
delays transition.
Contents
1 2
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 The T4 Shock Tunnel and the Test Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Test Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.1 Test conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.1 Pressure measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.2 Heat-transfer measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4.3 Data sampling-rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Predicted Laminar and Turbulent Heat Transfer Levels . . . . . . . . . . . . . . . . . . . . . 12
1.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.6.1 Sample heat transfer measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.6.2 Transition location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
A Drawings of Test Model 24
B Test Conditions 27
C Data for Mach 6.0, Sharp Cone 31
D Data for Mach 6.6, Sharp Cone 42
E Data for Mach 8.8, Sharp Cone 53
F Data for Mach 6.0, Blunt Cone 64
G Data for Mach 6.6, Blunt Cone 69
H Data for Mach 8.8, Blunt Cone 78
1
Chapter 1
1.1 Introduction
A 5◦ semi-angle cone made from brass was tested in the T4 shock tunnel by Porter [1] in a study of the
effects of bluntness on the pressure and heat transfer distributions on cones in hypervelocity flows. The
model was instrumented with two streamwise rows of 20 thin-film heat transfer gauges located on rays 180◦
apart. A row of five pressure tappings was located along a streamwise ray at 90◦ from the thin-film gauges.
In 2000 Prof. Herbert Olivier from the University of Aachen initiated a study to compare boundary layer
transition on the same physical model tested in three hypersonic facilities; the T4 shock tunnel in Australia,
the TH2 shock tunnel at Aachen in Germany and in the hypersonic wind tunnel at the Russian Academy of
Sciences in Novosibirsk in Russia. The cone used by Porter [1] was chosen as the test model and was tested
in each of the facilities in the latter half of 2000 and the first half of 2001. This report presents the results
obtained in the T4 shock tunnel
Figure 1.1: Body of cone shown split into two halves. Clamp rings are also shown
1.2 The T4 Shock Tunnel and the Test Model
The experiments were performed in the T4 free-piston shock tunnel at The University of Queensland [2],
[3]. This facility is capable of producing flows with nozzle-supply enthalpies up to 15 MJ/kg with flow
durations of around 1 ms. Nozzle-supply pressures in the range 10 to 55 MPa can be achieved using mild-
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steel diaphragms ranging in thickness from 1 to 6 mm. It is possible to achieve higher nozzle-supply pressures
using 6 mm stainless-steel diaphragms but operating conditions for these have not yet been established with
the upgraded driver which was installed in November 2000. Mach 6 and Mach 8, axisymmetric, contoured
nozzle were used. The test model was located within the cones of nominally unform flow produced by the
nozzles. Further details of the nozzles are given in [2] and [4].
The test model was a 5◦ semi-vertex angle sharp cone which was originally designed and tested in the
T4 shock tunnel by Porter [1]. Dimensioned drawings are shown in Appendix A. A photograph of the brass
model is shown in Fig.1.1 and the complete set nose attachments of varying bluntness are shown in Fig.1.2.
All nose tips are made from stainless steel. The sharpest nose is made in two pieces, a 140 mm solid brass
base and a 95 mm stainless steel tip. The radius of the tip is estimated to be less than 0.2 mm. The cone
has a base radius of 50 mm resulting in an axial length for the model with sharp tip of 572 mm. The surface
length for the model with sharp tip is 574 mm.
Figure 1.2: Cone tips
1.3 Test Program
Tests were performed at three flow Mach numbers. These were nominally Mach 6.0, 6.6 and 8.8. The two
lower Mach numbers were achieved by using T4’s Mach 6 nozzle and running at different nozzle-supply
enthalpies. With this nozzle in T4, a Mach number of 6.0 is achieved at a nozzle-supply enthalpy of
approximately 7.2 MJ/kg and Mach 6.6 is achieved at a nozzle-supply enthalpy of approximately 3.3 MJ/kg.
Photographs of the arrangements for the Mach 6 nozzle are shown in Fig. 1.3.
T4’s Mach 8 nozzle was used at a nozzle-supply enthalpy of approximately 3.3 MJ/kg for the highest
Mach number tests. It was not feasible to run the Mach 8 nozzle at higher enthalpies in order to reduce the
flow Mach number closer to 8.0 because the unit Reynolds number would be reduced and transition would
not occur on the model. Photographs of the Mach 8 nozzle arrangement with the blunt cone installed are
shown in Fig. 1.4.
Two nose bluntnesses were tested. The nominally sharp tip had a nose radius estimated to be smaller
than 0.2 mm and the blunt tip had a nose radius of 5.4 mm. Transition was delayed with the blunt tip
compared with the sharp tip so, typically, higher unit Reynolds numbers were tested for the cone with the
blunt tip.
A brief summary of the test schedule is shown in Table 1.1. The test program included a total of 24
shots with, typically, several shots at each Mach number at varying unit Reynolds numbers. This was done
3
(a) Blunt cone, nozzle removed. (b) Cone position before nozzle recoil.
Figure 1.3: Model and nozzle arrangement for low Mach number tests.
(a) Blunt cone in test section. (b) Mach 8 nozzle assembly.
Figure 1.4: Model and nozzle arrangement for high Mach number tests.
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to move the transition location to be within the measurement region and to see the effects of unit Reynolds
number on transition location. The table shows M∞ (the freestream Mach number), the type of tip on the
cone (Sharp/Blunt), Hs (the nozzle-supply enthalpy), td (the thickness of the steel primary diaphragm),
Pres (the pressure in the reservoir used to drive the piston down the compression tube), PCT (the initial fill
pressure in the compression tube), the percentage of Helium used for the compression tube gas (the rest of
the compression tube gas was Argon) and PST (the initial fill pressure in the shock tube). Air was the gas
in the shock tube (the test gas) for all shots.
Table 1.1: T4 test program summary. Air is the test gas for all shots.
Shot M∞ Tip Hs td Pres PCT %He PST
MJ/kg mm MPa kPa kPa
7144 6.13 Sharp 6.5 3 3.8 78 80 85
7141 6.00 Sharp 7.2 4 5.2 104 80 110
7142 6.04 Sharp 7.0 4 5.2 104 80 110
7143 6.06 Sharp 6.8 5 7.0 130 80 140
7145 6.04 Sharp 6.9 6 8.4 156 80 165
7149 6.51 Sharp 3.7 1 1.2 26 45 65
7136 6.63 Sharp 3.3 2 2.4 52 45 130
7137 6.64 Sharp 3.2 2 2.4 52 45 130
7150 6.71 Sharp 3.0 3 3.8 78 45 195
7151 6.61 Sharp 3.3 4 5.2 104 45 260
7153 8.86 Sharp 3.1 3 3.8 78 45 195
7157 8.71 Sharp 3.5 4 5.2 104 45 260
7152 8.83 Sharp 3.1 5 7.0 130 45 320
7155 8.79 Sharp 3.3 6 8.4 156 45 390
7158 8.89 Sharp 3.1 6 8.4 156 45 400
7146 6.09 Blunt 6.7 6 8.4 156 85 180
7147 5.98 Blunt 7.3 6 8.4 156 85 160
7138 6.67 Blunt 3.3 2 2.4 52 45 130
7140 6.63 Blunt 3.3 3 3.8 78 45 200
7139 6.63 Blunt 3.3 4 5.2 104 45 260
7148 6.64 Blunt 3.2 5 7.0 130 45 320
7154 8.83 Blunt 3.1 3 3.8 78 45 195
7156 8.82 Blunt 3.3 6 8.4 156 45 390
7159 8.85 Blunt 3.2 6 8.4 156 45 400
1.3.1 Test conditions
The conditions of the gas in the nozzle-supply region were determined from the shock-tube filling pressure
and temperature, the measured speed of the primary shock wave, and the measured pressure in the nozzle-
supply region after shock reflection. The code ESTC [5], with a model for the chemistry of air (the test gas
for all experiments), was used to calculate these conditions. The conditions of the gas in the test section were
found from those nozzle-supply conditions using the one-dimensional non-equilibrium nozzle code NENZF
[6]. This code also incorporates a chemistry model for air. The gas was expanded until the Pitot pressure
was a fixed fraction of the nozzle-supply pressure. The fractions used were based on previous calibration
tests on the Mach 6 [7] and the Mach 8 [4] nozzles. The fractions used were 0.012 for the Mach 6 nozzle and
0.0034 for the Mach 8 nozzle.
The derived conditions of the test gas for all shots are given in Appendix B. Conditions for the sharp
cone tested at Mach 6.0, 6.6 and 8.8 are shown in Table B.1, Table B.2 and Table B.3 respectively. The
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conditions for the blunt cone tests at Mach 6.0, 6.6 and 8.8 are shown in Table B.4, Table B.5 and Table B.6
respectively.
Typical nozzle-supply pressure traces from tests at the Mach 6.0, Mach 6.6 and Mach 8.9 conditions are
shown in Fig. 1.5. These unfiltered traces are from shots 7151 and 7141 with the Mach 6 nozzle and shot
7153 with the Mach 8 nozzle . The sampling rate is 1 MHz. In these plots time zero is when the shock wave
travelling down the shock tube arrives at the nozzle-supply pressure-measurement station, located 60 mm
from the end of the shock tube. This is taken to be approximately the ”shock-reflection time” and is used
as the zero time for all tests reported here. At shock reflection the pressure rises rapidly. The pressure then
remains essentially constant for several milliseconds and then decreases at later times. At lower nozzle-supply
enthalpies the decrease in pressure occurs at later times than at higher enthalpies. For the present tests the
newly commissioned upgraded driver for T4 was used. The compression tube was operated at a compression
ratio of 40. At the lower nozzle-supply enthalpy conditions and higher nozzle-supply pressures, this resulted
in some oscillations in the nozzle-supply pressure of about ±5%.
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Figure 1.5: Sample nozzle-supply pressure signals and test time location.
The test periods used in the processing of the present results are also shown in Fig. 1.5. The choice of
the location of the test window for the present experiments was determined by three factors;
(i) the nozzle starting time,
(ii) the duration of approximately steady nozzle-supply conditions, and
(iii) the duration until contamination of the test gas by the driver gas.
In order to get an indication of the nozzle starting time and the steadiness of the flow, the static pressures
measured on the cone at location pC have been normalized with the nozzle-supply pressures. Results are
shown in Fig. 1.6 for the same shots as the nozzle-supply pressure traces shown in Fig. 1.5. In producing
these plots the time taken for the flow to pass from the nozzle-supply region, down the nozzle and to the
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model has been taken into account by time-shifting the static pressure trace. The magnitude of the time
shift varies with the flow enthalpy (shorter passage times for the higher flow speeds associated with higher
enthalpies) and with the nozzle length (longer times for the longer Mach 8 nozzle).
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Figure 1.6: Sample nozzle-supply pressure signals.
For the Mach 6.0 condition, for which the enthalpy is higher than the other conditions, the nozzle starting
time is the shortest and it can be seen that the pressure ratio reaches a steady level about 600 µs after flow
start. A similar time is indicated for the Mach 6.6 condition. For the Mach 8.9 condition, the longer Mach
8 nozzle leads to a longer nozzle starting time of approximately 1.0 to 1.5 ms.
Experiments to determine the times for which the test gas remains uncontaminated by the driver gas
in T4 were performed using a mass spectrometer by Skinner [8]. Those results indicate that the level of
contamination of the test gas by the driver gas remains below 10% for at least 4 ms at the 3.3 MJ/kg
conditions and 2 ms for the 7.2 MJ/kg conditions.
With these data the following test windows were chosen:
(i) For Mach 6.0 conditions - a 1.0 ms window starting 0.7 ms after flow start.
(ii) For Mach 6.6 conditions - a 1.5 ms window starting 1.0 ms after flow start.
(iii) For Mach 8.8 conditions - a 1.0 ms window starting 2.0 ms after flow start.
Sample test windows are shown on the nozzle-supply pressure traces presented in Fig. 1.5. Note that the
test windows were chosen for the times at which the flow was steady and uncontaminated in the test section.
For example, for shot 7141, the flow passage time between the test section and the model is approximately
0.3 ms. Thus the test window appears on the nozzle-supply pressure trace in Fig. 1.5a from 1.0 ms (= 0.7
+ 0.3 ms) after shock reflection until 2.0 ms after shock reflection.
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1.4 Instrumentation
1.4.1 Pressure measurement
Five pressure transducers were mounted in removable mounting blocks which are aligned along one stream-
wise ray of the cone model. PCB piezoelectric pressure transducers were mounted in the blocks with a small
10 mm diameter cavity ahead of the transducer. This cavity was fed through pressure tappings one to several
millimeters long and 2 mm in diameter (see drawings in Appendix A). PCB model 112A22 transducers were
used for the tests. The locations of the tappings, the serial numbers of the gauges used and their calibrations
are shown in Table 1.2. Positions given in Table 1.2 are axial distances (not surface lengths) measured from
the tip of the sharp cone. A PCB ICP power supply was used to provide power to the pressure transducers.
Table 1.2: Details of pressure measurement instrumentation. Note that positions given are axial distances
from the tip of the sharp cone.
Gauge Identification Position (mm) Model number Serial Number Sensitivity (mV/kPa)
pA 273 112A22 9594 16.6
pB 338 112A22 9596 15.8
pC 403 112A22 9599 16.2
pD 468 112A22 9607 16.9
pE 533 112A22 9609 15.9
Sample time-history signals from the pressure transducers are given for shot 7141 in Fig. 1.7. These
signals have been processed from the raw signals using a 20 µs moving average. The corresponding nozzle-
supply pressure trace for this shot is shown in Fig. 1.5a. The predicted pressure level for these conditions
during the test time, determined for a sharp cone using the method of Taylor and Maccoll [9], is also shown.
The results show that the measurements are in good agreement with the predicted level, apart from the
pressure indicated by transducer pE. This transducer indicates a pressure about 10% higher than the other
transducers during the test time.
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Figure 1.7: Sample cone static pressure traces. Shot 7141.
The transducers were mounted using a vibration-isolation arrangement. However, some sensitivity to
acceleration from the transducer located at tapping pB can be seen from oscillations in the trace from that
transducer in Fig. 1.7. As the test program proceeded some tightening of the gauges in their mounts was
apparent in the form of an increased vibration sensitivity from some gauges. Since the pressures were used
primarily as an indicator of flow establishment and of the test conditions, and because the transducers are
difficult to access, no changes to the mountings were made during the tests. Subsequently, the quality of the
signals from some gauges deteriorated for the high Mach number tests which were performed at the end of
the test campaign.
There was also evidence that the traces from gauge pE may be influenced by heating of the transducer
diaphragm by the hot flow gases. This was apparent in the signals from this transducer after the end of
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the test time. At these later times, during some shots at high enthalpy, transducer pE indicated a pressure
increase when all other transducers showed a pressure decrease.
1.4.2 Heat-transfer measurement
Two rows of thin-film heat transfer gauges (TFGs) were aligned along streamwise rays diametrically opposite
each other in a plane rotated 90 degrees from that containing the static pressure tappings. There were 19
TFGs in one of the rows (designated row F) and 20 in the other row of TFGs (designated row M). To allow
for installation and wiring of the instrumentation, the conical body of the model was hollowed out and the
cone splits into two halves, the split plane being aligned with the plane containing the pressure tappings (see
Appendix A). The two parts of the body of the model were held together by two clamping rings, one at the
base and the other 356 mm from the base (see Fig.1.1). The latter ring also supported a threaded rod to
which the nose tips were attached. The transducer wiring was taken out through the base of the model.
The locations of the thin-film gauges are given in Table 1.3. Again, positions are quoted as axial distances
measured from the tip of the sharp cone.
Table 1.3: Axial locations of thin-film gauges from the tip of the sharp cone
Gauge Identification Position (mm)
1 264
2 279
3 294
4 309
5 324
6 338
7 353
8 368
9 383
10 398
11 413
12 428
13 443
14 458
15 473
16 488
17 503
18 518
19 533
20 548
The thin-film heat transfer gauges were manufactured in-house at UQ. The gauges are mounted on a
quartz substrate approximately 3 mm long and 2.1 mm in diameter. The face of the quartz is polished until
it is optically flat. The temperature-sensitive element is either platinum, hand painted onto the surface, or
nickel that was vacuum deposited. The films are approximately 0.2 mm wide and 1 mm long. They are
connected to gold leads painted on the sides of the substrate, over the corner and part way across the face of
the gauge. A layer of SiO2, 1000 Angstroms thick, overlays the gauge to insulate the sensor from ionization
effects in the freestream. The gauge resistance as a function of temperature is modelled as
R = R0(1 + αR∆T ),
where R0 values typically range from 30 to 100 Ω and αR is typically approximately 0.002 K
−1.
The thin-film gauges are mounted in a 2.5 mm outside diameter cylinder to isolate the gauge from the
model. The complete gauges are then mounted in .105” (2.7 mm) diameter holes drilled through the body
of the cone.
Signal conditioning for the TFGs was achieved using thin-film gauge power supplies and amplifiers man-
ufactured in-house. These units provide a current to produce a 1.0 V drop across the gauges prior to the
test. During the test the current is maintained constant and the change in voltage drop across the gauge is
used to infer the resistance change due to heating of the surface. Signals from the gauges are integrated to
infer the time history of heat transfer using the technique outlined in Schultz and Jones [10].
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The present model was tested in Novosibirsk and Aachen before it was tested in T4. It was desirable
that the same instrumentation was used in tests in all facilities. However, some of the gauges had failed by
the time the T4 tests were scheduled due to testing in the other facilities. The gauges indicated in Table 1.4
were replaced before the T4 tests. Gauges F16 and M15 had loose wires which were re-attached before the
T4 tests but these gauges were not replaced.
Table 1.4: TFGs replaced before T4 tests
Gauge Identification Position (mm)
M1 264
M5 324
M11 413
M12 428
M16 488
M17 503
F18 518
Before the T4 tests the thin-film gauges were re-calibrated in the TFG calibration oven at UQ. The
complete model can be placed in this oven and the oven temperature is cycled from ambient to 100◦ C and
back to ambient and the gauges’ resistances are recorded. From this, αR for each gauge can be found. Up
to five repeats of the calibrations were made for each gauge but some calibrations were found not to be valid
because of short or open circuits developed at the higher temperatures. An example of a valid calibration
is shown in Fig. 1.8. The time history of the resistance of the gauge is shown (the solid line rising to a
maximum in the middle of the figure) and the calibration is shown as solid lines joining small dots. A linear
calibration can be seen to be suitable for the range of temperatures tested.
Figure 1.8: Sample thin-film gauge calibration
Sample time-history signals from the thin-film gauges are shown for shot 7145 in Fig. 1.9. Signals are
shown for a gauge located near the start of transition (gauge F6) a gauge located near the middle of the
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transitional region (gauge F12) and one located near the end of transition (gauge F18). The traces are
shown for the complete shot in Fig. 1.9a and just during the test period in Fig. 1.9b. These signals have
been processed with a 10 µs moving average filter.
These results show that the present TFG instrumentation is capable of detecting, not just the change in
the mean heat transfer level from a low laminar level to a higher turbulent level, but also the fluctuations in
heat transfer level associated with the passage of turbulent spots over the gauges. The results in Fig. 1.9a
show that there is a large spike in heat transfer level as the flow arrives at the model. This is attributed
to the starting shock passing over the model. During the first half millisecond or so the boundary layer on
the cone quickly becomes turbulent at all gauge locations shown. During the test time, in this case from
times 1000 to 2000 µs after shock reflection, the heat transfer level is low at gauge F6, is high at gauge F18
and jumps between these two levels at gauge F12. As will be seen later, the levels at gauges F6 and F18
correspond to the laminar and turbulent levels respectively. After the test time, at about 3 ms after shock
reflection (when the test gas may be contaminated by driver gas), there is a period of about 1 ms where the
transition location is moved towards the tip of the cone. At later times still the transition location moves
downstream and, by the end of the record, the signals from gauges F6 and F12 indicate a laminar flow while
the signal from gauge F18 indicates that transition is then starting at about that gauge location.
0 1000 2000 3000 4000 5000 6000
0
1
2
3
Time (us)
M
W
/m
2
F6: 339 mm
0 1000 2000 3000 4000 5000 6000
0
1
2
3
Time (us)
M
W
/m
2
F12: 429 mm
0 1000 2000 3000 4000 5000 6000
0
1
2
3
Time (us)
M
W
/m
2
F18: 519 mm
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
0
0.5
1
1.5
2
2.5
3
Time (us)
H
ea
t T
ra
ns
fe
r R
at
e 
(M
W
/m2
)
F6: 339 mm 
F12: 429 mm
F18: 519 mm
(a) Signals during a complete shot (b) Signals during test time
Figure 1.9: Sample thin-film gauge time-histories. Shot 7145
Some of the TFG gauges failed during the tests in T4 and, despite all gauges giving a valid calibration
prior to testing, some gauges did not function at all during the tests. The gauges indicated in Table 1.5 did
not function in any of the tests. Gauge M20 failed after the first few tests. It was noted during the tests
that the resistance of some gauges increased during the test program. This is indicative of erosion of the
film on the gauge and implies that the protective layer of SiO2 on top of the gauge has been compromised.
Table 1.5: TFGs not functioning in T4 tests
Gauge Identification Position (mm)
F14 458
F17 503
M3 294
M11 413
M13 443
There is evidence on some gauges of deterioration of the gauge due to erosion of the film during the test.
This takes the form of a step increase in the temperature indicated by the gauge. An example of signals
from three gauges in close proximity to each other is shown in Fig. 1.10. The central TFG (at axial location
353 mm) is a gauge that shows evidence of such deterioration. At time 1500 µs after shock reflection the
resistance jumps suddenly by about 4 Ω. There are also jumps of about 1 Ω at times 4300 and 5600 µs
after shock reflection. The corresponding integrated heat transfer signals from these three gauges are shown
Fig. 1.10(b). It can be seen that the jumps in resistance lead to sudden increases in the inferred heat transfer
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level and then a slow decrease. The large jump at time 1500 µs results in a higher mean heat transfer level
during the test time.
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Figure 1.10: Demonstration of a deteriorating TFG at axial location 353 mm. Shot 7140.
It should be noted that the passage of a turbulent spot over a TFG, as occurs in a transitional boundary
layer, can also lead to a rapid increase in gauge temperature. However, when the spot has passed over
the TFG the temperature decreases again. There is evidence of turbulent spots also in the data shown in
Fig. 1.10; note for example rapid increases in the heat transfer rates at times 2800, 3100, 3500 and 4100 µs.
The influence of spots can be differentiated from resistance increases due to gauge deterioration because for
spots,
(i) the temperature drops after passage of the spot, and
(ii) spots will appear on gauges downstream.
This can be seen in the traces in Fig. 1.10.
In the present experiments the gauges progressively deteriorated during the tests. This was particularly
the case for the last tests at high Mach number when many gauges either failed completely or eroded during
the tests. In processing the data for all tests, each temperature trace was examined and gauges showing
evidence of erosion during the test were eliminated from the analysis.
1.4.3 Data sampling-rates
Two data acquisition boxes, designed and manufactured in-house, were used to record data for the present
experiments. Each box has the capability to sample 21 channels simultaneously at rates of up to 4 MHz.
Each channel can record 8k samples. The data acquisition system has the capability also to multiplex up to
four signals onto a signal channel. This results in a total of up to 168 channels of data that can be recorded
simultaneously. However, when multiplexing, the maximum sampling rate per channel is limited to 1 MHz.
With four signals multiplexed onto a single channel this means that the maximum sampling rate per channel
is 250 kHz. Two or three signals can also be multiplexed onto a single channel and then the maximum
sampling rates are 500 kHz and 333 kHz respectively.
In order to record all the necessary signals for the present tests, some signals had to be multiplexed and
thus different signals were sampled at different rates. TFGs F1 to F14 were sampled at 500 kHz. TFGs F15
to F19 were sampled at 1 MHz. TFGs M1 to M20 were sampled at 1 MHz. Static pressures pA to pD were
sampled at 500 kHz and pE was sampled at 1 MHz. The nozzle-supply pressure signal was sampled at a
rate of 1 MHz.
1.5 Predicted Laminar and Turbulent Heat Transfer Levels
Measured heat transfer distributions on the cone are compared with predicted laminar and turbulent levels
in Section 1.6. The predicted levels were calculated based on the flow conditions behind the shock on a 5◦
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sharp cone. The conditions behind the shock were calculated using the method of Taylor and Maccoll [9],
assuming the flow chemistry to be frozen at the conditions calculated at the exit of the nozzle (see values in
Appendix B).
For the present calculations, the viscosity of the test gas (air) was calculated using Sutherland’s method
in the form
µ = µref (
Tref + S
T + S
)(
T
Tref
)1.5.
The reference temperature, Tref , for the calculations was 273 K, the reference viscosity, µref , was 1.716×10−5
Pa.s and S was 111 K. No account was made of chemistry effects on viscosity. The calculated viscosities in
the freestream and behind the conical shock are given in Appendix B.
The laminar heat transfer levels were calculated using the reference-enthalpy method given in Simeonides
[11]. The heat transfer rate for a laminar boundary layer on a flat plate (no pressure gradient) was calculated
for a Reynolds number based on the flow conditions behind the conical shock. This value was multiplied by
a factor of
√
3 to account for conical effects [12].
The turbulent heat transfer levels were calculated using the method of van Driest [13]. In these calcula-
tions, the origin of the turbulent boundary was taken as the tip of the sharp cone. van Driest’s method is for
a turbulent boundary layer developing on a flat plate. The heat transfer rate for a turbulent boundary layer
on a flat plate (no pressure gradient) was calculated for a Reynolds number based on the flow conditions
behind the conical shock. This value was multiplied by a factor of 1.1 to account for conical effects on the
turbulent boundary layer [12].
Note that the theoretical levels indicated for the blunt-cone shots have been calculated ignoring any effects
of bluntness on the heat transfer levels. The values for the blunt-tip cases shown in plots in Section 1.6 and
tabulated in Appendix B are only intended to give an indication of the expected level at a given location.
They are levels predicted at that location if the boundary had developed to that point on a sharp cone for
the given flow conditions.
1.6 Results
1.6.1 Sample heat transfer measurements
Raw data
The heat transfer signals from all working thin-film gauges for a shot in which the boundary layer on the
cone was mostly laminar during the test time is shown in Fig. 1.11.
In Fig. 1.11 and similar plots in this report the time-histories from all working gauges are shown. Three
columns of traces are shown - two for heat transfer signals and one for pressure signals. The column on the
left shows signals from the TFGs in row F, the central column shows signals from row M and the column
on the right shown signals from the five pressure transducers. The numbers on the far right show the axial
distance, in mm, of each transducer location from the tip of the sharp cone. At the top left of the plot is
shown the shot number and the ranges of the plots. The heat transfer plots range from 0 to qmax. The
pressure plots range from 0 to pmax. The time-histories for all plots span the test period determined for each
shot, as discussed in Section 1.3.1. The duration is indicated by ’time range’ and is given in µs. The laminar
and turbulent heat transfer levels, calculated as discussed in Section 1.5, are also shown at each location.
The laminar level is indicated by a dashed line and the turbulent level by a dotted line. In the pressure
time-history plots the level calculated using the theory of Taylor and Maccoll [9] is indicated with a dashed
line. The raw heat transfer signals have been filtered using a moving average window. Typically shots at
lower enthalpy have a poorer signal-to-noise ratios and a longer moving-average time has been used. The
length of the moving-average window, in µs, is also indicated at the top left of the plot. Note that different
numbers of points are used in the moving averages for different gauges because signals were recorded at
different sampling rates, see Section 1.4.3. Presenting the heat transfer data in this manner enables the
propagation of spots down the cone to be tracked.
A similar plot showing a results for a shot in which the boundary layer was transitional is shown in
Fig. 1.12. A plot for a shot in which the boundary layer was mainly turbulent is shown in Fig. 1.13.
The Heat transfer signals have been averaged over the test period and the mean heat transfer levels for
the three sample conditions above are shown in Fig. 1.14. The results from another shot, 7149, for which the
boundary layer was primarily laminar during the test time are also shown. Three plots are shown for each
shot. The top plot shows the results for gauges in row F and the middle plot shows the results for gauges in
row M. The bottom plot shows an average of the two rows of gauges.
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Figure 1.11: Heat transfer traces from Shot 7144
14
264
279
294
309
324
339
354
369
384
399
414
429
444
459
474
489
504
519
534
549
Row F Row M Pressures mm from tip
Test 7145
q_max = 3 MW/m^2
p_max = 30 kPa
time range = 1000 us
averaging time = 4 us
Figure 1.12: Heat transfer traces from Shot 7145
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Figure 1.13: Heat transfer traces from Shot 7151
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Figure 1.14: Sample heat transfer distributions down the cone.
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It can be seen from the results in Fig. 1.14 that the start of transition can be identified by the rise in the
heat transfer rate above the laminar level. The rise above the laminar level corresponds with the location
at which turbulent spots start to appear frequently in the time history traces in Fig. 1.11 and Fig. 1.12. It
is also apparent that the gauges on rows F and M indicate slightly different locations for where transition
commences. This is discussed further in Section 1.6.2.
The uncertainty in the mean heat transfer level with the present instrumentation is typically approxi-
mately ±18% [14]. This level of uncertainty can make it difficult to identify accurately the location of the
start of the transition region. Examination of the present data and comparing measurements with the pre-
dicted laminar levels suggests that it may be possible to reduce some of the uncertainty in the calibrations of
the thin-film gauges. It is apparent that some gauges indicate consistently low or high levels of heat transfer
compared with predictions and the other measurements. Note the similarity in the distributions in the mean
levels for Shots 7144 and 7149 in Fig. 1.14. These are at different freestream Mach numbers and different
Reynolds numbers but show similar distributions in heat transfer level down the cone. This suggests that
at least some of the scatter is due to bias errors in the TFG calibrations. In the next section corrections
are made to the TFG calibrations based on measurements made with the gauges installed in the cone and
a comparison of these measurements with predictions in regions where the flow is laminar.
Shot-calibrated data
The thin-film gauge calibrations have been corrected by comparing the heat transfer levels indicated by the
gauges with calculated laminar levels. (See Section 1.5 for the method used to calculate the laminar heat
transfer levels.) Previous tests in T4 have shown that laminar heat transfer levels for flat plate and sharp
cones predicted using reference enthalpy methods give good agreement with measurements [1], [15], [16].
Shot 7144 was used to calculate the calibration correction factors. This shot was chosen because
(i) it was at a relatively high enthalpy where signal-to-noise ratio was high,
(ii) most gauges were functioning for this shot, and
(iii) all gauges displayed regions where the flow was laminar.
The heat transfer level indicated for each gauge was compared with the laminar level calculated at the location
of the gauge. A calibration correction factor was calculated from this. The form of the correction factors was
q˙corrected =
q˙raw
c
The correction factor for each gauge was then applied to the heat transfer level indicated by the thin-film
gauges for all shots.
The correction factors determined from shot 7144 are listed in Table 1.6. No factor is shown for gauges
which were not functioning during the tests. (See Table 1.5 for a list of gauges that did not function during
the T4 shots.) Some gauges for Shot 7144 either were not functioning for that shot or showed the temperature
jumps indicative of gauge erosion discussed in Section 1.4.2. These gauges are indicated with an asterisk in
Table 1.6 and, in the absence of other information, a factor of 1.00 was used for those gauges in processing
other shots.
The mean heat transfer levels for the shots in Fig. 1.14 have been re-processed using the calibration
correction factors in Table 1.6 and results are shown in Fig. 1.15. Since shot 7144 was used as for calibration
corrections, as would be expected, for gauges for which the boundary layer remained laminar for the duration
of the test time, the heat transfer levels agree with the values calculated for laminar flow for that shot. It is
noted that the mean heat transfer levels are above the laminar levels for the last few gauges on row F and for
gauges beyond about 0.37 m axial distance for row M. Examination of the time history traces in Fig. 1.11
reveals that this is because there are some spots passing over these gauges during the test time. This then
leads to a mean heat transfer level above the laminar level. It can also be seen that there is a large reduction
in the scatter in the mean levels for shot 7149, for which the boundary layer remained laminar over most
of the measurement region. This suggests that the corrections determined from one shot are valid for other
conditions.
The result for Shot 7145 in Fig. 1.15b shows also that there is a reduction in scatter in the mean heat
transfer levels in a transitional boundary layer flow. This is particularly clear for TFGs in row F. Making
these calibration corrections should improve the accuracy with which one can determine the point deviation
of the mean heat transfer levels from the laminar level. The result for Shot 7151 also shows a large reduction
in the scatter. This is a shot in which the boundary layer is primarily turbulent over the measurement region
during the test time and indicates that the corrections applied are applicable in turbulent regions as well as
laminar.
All subsequent data presented and discussed in this report have been processed using the corrections
indicated in Table 1.6.
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Figure 1.15: Sample heat transfer distributions down the cone with Shot 7144 calibration corrections applied.
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Table 1.6: Correction factor, c, for each TFG determined from Shot 7144
Gauge c Gauge c
F1 0.86 M1 0.71
F2 0.83 M2 0.83
F3 0.99 M3 -
F4 0.65 M4 1.03
F5 0.64 M5 1.00*
F6 0.94 M6 1.00*
F7 1.19 M7 1.00*
F8 0.99 M8 1.08
F9 1.08 M9 0.98
F10 1.05 M10 1.01
F11 0.82 M11 -
F12 0.96 M12 1.18
F13 0.68 M13 -
F14 - M14 0.91
F15 1.16 M15 1.10
F16 0.82 M16 0.85
F17 - M17 1.04
F18 1.18 M18 1.39
F19 1.00 M19 1.21
M20 1.00*
Results for all shots are shown in the appendices. For each shot the nozzle-supply pressure time history
is shown. The plot of nozzle-supply pressure also shows the times which were taken as the test time for
each shot. The test times were chosen as outlined in Section 1.3.1. Presented also are plots of the time-
history signals from all working thin-film gauges and pressure transducers, presented in the form discussed
in association with Fig. 1.11. The corrections indicated in Table 1.6 have been applied to these data. Also
for each shot, the mean heat transfer levels are plotted for rows F and M. Plots of the means of the two rows
of TFGs are shown also.
1.6.2 Transition location
The locations of the start of transition for the present experiments have been determined from the results
presented in the appendices. The transition location has been determined by noting the location at which
the mean heat transfer level rises above the calculated laminar level. Reference has also been made to
the time-history signals from the thin-film gauges to identify regions where turbulent-spot generation rates
increase. For some of the shots with the blunt nose tip, there is evidence of single spots occurring near the
start of the measurement region but no others forming during the test time. The criterion used here is that
transition is not deemed to have commenced until there is more than one turbulent spot on a trace during
the test time. The transition locations determined from the present sharp and blunt cone experiments are
presented in Table 1.7.
Transition Reynolds numbers for the sharp cone at the three test Mach numbers are shown in Fig. 1.16a.
There is an apparent increase in transition Reynolds number with the unit Reynolds number. This has been
observed previously in transition experiments previously conducted in T4 on flat plates [15], [17], [14] and
in experiments on a 5◦ sharp cone tested in the T5 shock tunnel at CalTech [18]. To within the accuracy
with which transition location has been determined, there is no apparent change in the Retr vs Reunit
relationship.
There is evidence in some shots that the transition location is slightly different on the two measurement
rows. There are cases where row F indicates transition before row M and vice versa. At the lower Mach
numbers, it is usually row M that indicates earlier transition.
Transition Reynolds numbers for the blunt cone tests at the two low Mach numbers are plotted as a
function of unit Reynolds number in Fig. 1.16b. Note that the result for rows F and M for Shot 7146
indicate quite different transition Reynolds numbers. There are two spots during the test time on the gauges
from row M starting near the beginning of the measurement region on the cone. These spots grow as they are
convected downstream but no new spots appear on row M until the last TFG at location 533 mm. However,
the signals for gauges on row F indicate the first spots at gauge location 519 mm. In general the transition
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Table 1.7: Transition start for T4 tests.
Shot M∞ Tip Re/m xtrrowF RetrRowM xtrrowM RetrRowM
million/m m million m million
7144 6.13 Sharp 3.0 0.52 1.6 0.49 1.5
7141 6.00 Sharp 3.4 0.52 1.8 0.41 1.4
7142 6.04 Sharp 3.5 > 0.53 > 1.9 0.42 1.5
7143 6.06 Sharp 4.7 0.43 2.0 0.35 1.6
7145 6.04 Sharp 5.4 0.38 2.1 0.30 1.6
7149 6.51 Sharp 2.3 > 0.53 > 1.2 > 0.53 > 1.2
7136 6.63 Sharp 4.7 0.33 1.6 0.36 1.7
7137 6.64 Sharp 4.7 0.32 1.5 0.35 1.6
7150 6.71 Sharp 7.5 0.26 2.0 < 0.26 < 2.0
7151 6.61 Sharp 9.2 < 0.26 < 2.4 < 0.26 < 2.4
7153 8.86 Sharp 2.9 > 0.53 > 1.5 > 0.53 > 1.5
7157 8.71 Sharp 3.3 > 0.49 > 1.6 - -
7152 8.83 Sharp 4.9 0.30 1.5 - -
7155 8.79 Sharp 5.4 0.36 1.9 - -
7158 8.89 Sharp 5.4 0.36 1.9 - -
7146 6.09 Blunt 5.5 0.53 2.9 0.28 1.5
7147 5.98 Blunt 4.9 > 0.53 > 2.6 > 0.53 > 2.6
7138 6.67 Blunt 5.0 > 0.53 > 2.7 0.46 2.3
7140 6.63 Blunt 7.0 0.31 2.2 0.31 2.2
7139 6.63 Blunt 8.8 < 0.26 < 2.3 < 0.26 < 2.3
7148 6.64 Blunt 11.9 < 0.26 < 3.1 < 0.26 < 3.1
7154 8.83 Blunt 2.9 > 0.53 > 1.5 > 0.53 > 1.5
7156 8.82 Blunt 5.4 > 0.53 > 2.9 > 0.53 > 2.9
7159 8.85 Blunt 5.3 - - - -
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Reynolds number is higher for the blunt cone shots. There is indication in the results that the transition
length may be increased with bluntness - note that almost the entire measurement region shows turbulent
spot activity for row M on shot 7146. However, this may also be associated with changes in spot generation
rates which may also be affected by bluntness. Further investigations are required to clarify this.
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Figure 1.16: Transition Reynolds numbers (based on freestream conditions).
1.7 Conclusions
Results are reported for measurements on a 5◦ semi-angle cone tested in the T4 shock tunnel. Tests were
made with both a sharp tip and a 5.4 mm diameter blunted tip on the cone. With up to 20 thin-film
gauges in a row, good resolution of transition location was achieved. It was found that best results were
achieved when corrections to the TFG calibrations were made based on results measured in the tunnel with
a laminar boundary layer formed on the cone. The results show that, in some cases, the transition location
was different on the two sides of the model instrumented with thin-film gauges. The transition location was
found to generally increase with an increase in unit Reynolds number, in agreement with other results in
high-enthalpy shock tunnels. To within the accuracy with which transition location could be determined, no
difference was noted in the transition Reynolds number for a given unit Reynolds number as the freestream
Mach number was varied. Bluntness was found to delay transition.
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Appendix A
Drawings of Test Model
Figure A.1: Body of cone and instrumentation locations.
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Figure A.2: Blunt cone tip arrangement.
Figure A.3: Tip clamping ring and tip mount.
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Figure A.4: Base clamping ring and mount.
Figure A.5: Pressure transducer mounts.
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Appendix B
Test Conditions
Table B.1: Test conditions for Mach 6.0, sharp cone.
quantity units 7144 7141 7142 7143 7145
Hres MJ/kg 6.5 7.2 7.0 6.8 6.9
Tres K 4510 4830 4750 4720 4760
pres Pa 2.69E+07 3.37E+07 3.46E+06 4.43E+07 5.17E+07
T∞ K 743 854 823 803 814
p∞ Pa 6810 9050 9070 11530 13500
ρ∞ kg/m
3 0.0319 0.0368 0.0384 0.0500 0.0580
u∞ m/s 3300 3450 3410 3380 3400
M∞ 6.13 6.00 6.04 6.06 6.04
γ 1.36 1.35 1.35 1.36 1.35
µ∞ Pa.s 3.46E-05 3.78E-05 3.69E-05 3.64E-05 3.67E-05
Re/m m−1 3.04E+06 3.36E+06 3.55E+06 4.65E+06 5.38E+06
ps Pa 1.05E+04 1.38E+04 1.39E+04 1.77E+04 2.07E+04
Ts K 834 953 919 897 909
ρs kg/m
3 0.0439 0.0503 0.0526 0.0685 0.0795
as m/s 572 609 597 591 594
us m/s 3272 3425 3379 3344 3366
µs Pa.s 3.72E-05 4.04E-05 3.95E-05 3.89E-05 3.93E-05
Res/m m
−1 3.86E+06 4.26E+06 4.50E+06 5.88E+06 6.82E+06
qlam W/m
2 2.41E+05 3.07E+05 2.99E+05 3.29E+05 3.62E+05
qturb W/m
2 8.29E+05 1.12E+06 1.10E+06 1.30E+06 1.51E+06
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Table B.2: Test conditions for Mach 6.6, sharp cone.
quantity units 7149 7136 7137 7150 7151
Hres MJ/kg 3.7 3.3 3.2 3.0 3.3
Tres K 2990 2720 2700 2550 2760
pres Pa 1.00E+07 1.73E+07 1.71E+07 2.46E+07 3.47E+07
T∞ K 387 332 328 300 339
p∞ Pa 2200 3680 3610 5090 7410
ρ∞ kg/m
3 0.0198 0.0385 0.0384 0.0591 0.0761
u∞ m/s 2560 2420 2410 2330 2440
M∞ 6.51 6.63 6.64 6.71 6.61
γ 1.40 1.40 1.40 1.40 1.40
µ∞ Pa.s 2.23E-05 1.99E-05 1.98E-05 1.85E-05 2.03E-05
Re/m m−1 2.27E+06 4.67E+06 4.68E+06 7.46E+06 9.16E+06
ps Pa 3.57E+03 6.05E+03 5.95E+03 8.43E+03 1.22E+04
Ts K 445 383 379 347 391
ρs kg/m
3 0.0280 0.0549 0.0548 0.0847 0.1083
as m/s 423 392 390 373 396
us m/s 2540 2401 2393 2309 2418
µs Pa.s 2.47E-05 2.22E-05 2.20E-05 2.06E-05 2.25E-05
Res/m m
−1 2.88E+06 5.94E+06 5.97E+06 9.49E+06 1.16E+07
qlam W/m
2 7.63E+04 8.61E+04 8.45E+04 9.19E+04 1.24E+05
qturb W/m
2 2.21E+05 3.06E+05 3.01E+05 3.74E+05 5.42E+05
Table B.3: Test conditions for Mach 8.8, sharp cone.
quantity units 7153 7157 7152 7155 7158
Hres MJ/kg 3.1 3.5 3.3 3.3 3.1
Tres K 2630 2900 2670 2750 2590
pres Pa 2.37E+07 3.26E+07 4.13E+07 4.83E+07 4.30E+07
T∞ K 186 217 191 200 182
p∞ Pa 795 1130 1400 1650 1440
ρ∞ kg/m
3 0.0149 0.0182 0.0255 0.0289 0.0275
u∞ m/s 2430 2570 2450 2490 2400
M∞ 8.86 8.71 8.83 8.79 8.89
γ 1.40 1.40 1.40 1.40 1.40
µ∞ Pa.s 1.25E-05 1.42E-05 1.28E-05 1.33E-05 1.22E-05
Re/m m−1 2.90E+06 3.29E+06 4.89E+06 5.42E+06 5.39E+06
ps Pa 1.64E+03 2.29E+03 2.87E+03 3.37E+03 2.97E+03
Ts K 230 267 236 246 225
ρs kg/m
3 0.0249 0.0300 0.0424 0.0479 0.0460
as m/s 304 327 308 315 301
us m/s 2403 2553 2428 2473 2387
µs Pa.s 1.49E-05 1.68E-05 1.52E-05 1.58E-05 1.47E-05
Res/m m
−1 4.00E+06 4.55E+06 6.76E+06 7.50E+06 7.48E+06
qlam W/m
2 4.21E+04 5.81E+04 5.73E+04 6.50E+04 5.58E+04
qturb W/m
2 1.16E+05 1.68E+05 1.84E+05 2.17E+05 1.84E+05
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Table B.4: Test conditions for Mach 6.0, blunt cone.
quantity units 7146 7147
Hres MJ/kg 6.7 7.3
Tres K 4670 4960
pres Pa 5.10E+07 5.12E+07
T∞ K 781 883
p∞ Pa 13100 13700
ρ∞ kg/m
3 0.0587 0.0540
u∞ m/s 3350 3500
M∞ 6.09 5.98
γ 1.36 1.35
µ∞ Pa.s 3.57E-05 3.86E-05
Re/m m−1 5.50E+06 4.90E+06
ps Pa 2.01E+04 2.11E+04
Ts K 876 1000
ρs kg/m
3 0.0805 0.0735
as m/s 585 622
us m/s 3315 3465
µs Pa.s 3.84E-05 4.16E-05
Res/m m
−1 6.96E+06 6.13E+06
qlam W/m
2 3.45E+05 3.92E+05
qturb W/m
2 1.42E+06 1.59E+06
Table B.5: Test conditions for Mach 6.6, blunt cone.
quantity units 7138 7140 7139 7148
Hres MJ/kg 3.3 3.3 3.3 3.2
Tres K 2710 2740 2720 2710
pres Pa 1.76E+07 2.60E+07 3.25E+07 4.38E+07
T∞ K 316 335 331 329
p∞ Pa 3690 5520 6890 9250
ρ∞ kg/m
3 0.0407 0.0574 0.0725 0.0979
u∞ m/s 2380 2430 2420 2410
M∞ 6.67 6.63 6.63 6.64
γ 1.40 1.40 1.40 1.40
µ∞ Pa.s 1.92E-05 2.01E-05 1.99E-05 1.98E-05
Re/m m−1 5.04E+06 6.95E+06 8.82E+06 1.19E+07
ps Pa 5.39E+03 9.07E+03 1.13E+04 1.52E+04
Ts K 365 387 382 380
ρs kg/m
3 0.0580 0.0818 0.1033 0.1395
as m/s 383 394 392 391
us m/s 2345 2412 2397 2390
µs Pa.s 2.14E-05 2.23E-05 2.21E-05 2.20E-05
Res/m m
−1 6.36E+06 8.84E+06 1.12E+07 1.51E+07
qlam W/m
2 7.66E+04 1.07E+05 1.17E+05 1.35E+05
qturb W/m
2 2.95E+05 4.27E+05 5.05E+05 6.35E+05
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Table B.6: Test conditions for Mach 8.8, blunt cone.
quantity units 7154 7156 7159
Hres MJ/kg 3.1 3.3 3.2
Tres K 2680 2710 2650
pres Pa 2.49E+07 4.66E+07 4.40E+07
T∞ K 192 195 189
p∞ Pa 845 1580 1480
ρ∞ kg/m
3 0.0153 0.0283 0.0274
u∞ m/s 2450 2470 2440
M∞ 8.83 8.82 8.85
γ 1.40 1.40 1.40
µ∞ Pa.s 1.28E-05 1.30E-05 1.27E-05
Re/m m−1 2.92E+06 5.38E+06 5.28E+06
ps Pa 1.73E+03 3.24E+03 3.04E+03
Ts K 237 240 233
ρs kg/m
3 0.0255 0.0471 0.0456
as m/s 309 311 306
us m/s 2434 2450 2420
µs Pa.s 1.53E-05 1.55E-05 1.51E-05
Res/m m
−1 4.05E+06 7.44E+06 7.31E+06
qlam W/m
2 4.48E+04 6.23E+04 5.85E+04
qturb W/m
2 1.24E+05 2.07E+05 1.93E+05
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Appendix C
Data for Mach 6.0, Sharp Cone
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Figure C.1: Results for Shot 7144.
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Figure C.2: Results for Shot 7144.
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Figure C.3: Results for Shot 7141.
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Figure C.4: Results for Shot 7141.
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Figure C.5: Results for Shot 7142.
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Figure C.6: Results for Shot 7142.
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Figure C.7: Results for Shot 7143.
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Figure C.8: Results for Shot 7143.
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Figure C.9: Results for Shot 7145.
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Figure C.10: Results for Shot 7145.
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Appendix D
Data for Mach 6.6, Sharp Cone
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Figure D.1: Results for Shot 7149.
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Figure D.2: Results for Shot 7149.
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Figure D.3: Results for Shot 7136.
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Figure D.4: Results for Shot 7136.
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Figure D.5: Results for Shot 7137.
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Figure D.6: Results for Shot 7137.
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Figure D.7: Results for Shot 7150.
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Figure D.8: Results for Shot 7150.
50
0 1000 2000 3000 4000 5000 6000
0
5
10
15
20
25
30
35
40
45
50
Time (us)
N
oz
zl
e 
Su
pp
ly 
Pr
es
su
re
 (M
Pa
)
Test 7151 Nozzle Supply Pressure and Test Period
Mean pressure during test time = 34.71 MPa
(a) Nozzle-supply pressure and test time
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
0
2
4
6
8
10
12
x 105
Distance from leading edge (m)
H
ea
t T
ra
ns
fe
r L
ev
el
 (W
/m
^2
)
Test 7151 Mean of both rows
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
0
2
4
6
8
10
12
x 105
Distance from leading edge (m)
H
ea
t T
ra
ns
fe
r L
ev
el
 (W
/m
^2
)
Test 7151 Row F
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
0
2
4
6
8
10
12
x 105
Distance from leading edge (m)
H
ea
t T
ra
ns
fe
r L
ev
el
 (W
/m
^2
)
Test 7151 Row M
(b) Mean heat-transfer levels
Figure D.9: Results for Shot 7151.
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Figure D.10: Results for Shot 7151.
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Appendix E
Data for Mach 8.8, Sharp Cone
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Figure E.1: Results for Shot 7153.
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Figure E.2: Results for Shot 7153.
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Figure E.3: Results for Shot 7157.
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Figure E.4: Results for Shot 7157.
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Figure E.5: Results for Shot 7152.
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Figure E.6: Results for Shot 7152.
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Figure E.7: Results for Shot 7155.
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Figure E.8: Results for Shot 7155.
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Figure E.9: Results for Shot 7158.
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Figure E.10: Results for Shot 7158.
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Appendix F
Data for Mach 6.0, Blunt Cone
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Figure F.1: Results for Shot 7146.
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Figure F.2: Results for Shot 7146.
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Figure F.3: Results for Shot 7147.
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Figure F.4: Results for Shot 7147.
68
Appendix G
Data for Mach 6.6, Blunt Cone
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Figure G.1: Results for Shot 7138.
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Figure G.2: Results for Shot 7138.
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Figure G.3: Results for Shot 7140.
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Figure G.4: Results for Shot 7140.
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Figure G.5: Results for Shot 7139.
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Figure G.6: Results for Shot 7139.
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Figure G.7: Results for Shot 7148.
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Figure G.8: Results for Shot 7148.
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Appendix H
Data for Mach 8.8, Blunt Cone
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Figure H.1: Results for Shot 7154.
79
264
279
294
309
324
339
354
369
384
399
414
429
444
459
474
489
504
519
534
549
Row F Row M Pressures mm from tip
Test 7154
q_max = 0.3 MW/m^2
p_max = 3 kPa
time range = 1000 us
averaging time = 8 us
Heat-transfer and pressure time history traces
Figure H.2: Results for Shot 7154.
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Figure H.3: Results for Shot 7156.
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Figure H.4: Results for Shot 7156.
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Figure H.5: Results for Shot 7159.
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Figure H.6: Results for Shot 7159.
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